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SIMULATIONS OF INFILTRATION OF METEORIC WATER AND
CONTAMINANT PLUME MOVEMENT IN THE VADOSE ZONE
AT SINGLE-SHELL TANK 241-T-106 AT
THE HANFORD SITE

ABSTRACT

Contaminant plume migration in the vadose zone from a leak at

Tank 241-T-106 on the Hanford Site was modeled to determine the effect of
coarse backfill covers on the infiltration of meteoric water and the
subsequent transport of contaminants. Infiltration through the upper 2 m
of soil cover was simulated for the period of 1947 to 2020 using hydraulic
properties estimated for the backfill sediments. The infiltration simulations
indicate that approximately 77 percent (13.1 cm/yr} of annual precipitation
infiltrates below a depth of 2 m. Evaporation averaged 20 percent (3.4 cm)
of annual precipitation. Reducing the hydraulic conductivity tenfold resulted
in a drainage of 68 percent of annual precipitation, whereas increasing the
hydraulic conductivity tenfold resulted in a drainage of 86 percent of annual
precipitation. When a 0.15-m-thick layer of silt loam soil was added to the
surface, the drainage was reduced to less than 1 percent of the annual
precipitation after 5 yr. The infiltration simulations suggest that coarse
backfill sediments, kept free of vegetation, allow a significant portion of

the annual precipitation to infiltrate and drain to the subsurface.

The Tank 241-T-106 Teak was simulated for the period 1960 to 1990 using
an infiltration average of 77 percent of precipitation. The results of the

simulations indicate that increased meteoric water infiltration because of
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the presence of coarse surface sediments increases the rate of movement of
106Ry. The simulations show the 19%Ry plume approaching the water table in
the early 1980's, but subsequent radioactive decay appears to preclude the
plume from moving into the saturated zone. The simulated 137Cs plume
migrates considerably lTess distance than the 195Ru plume because of greater

sorption.

The increased plume mobility compared to previous simulations at Tower
infiltration rates implies that remedial action, in the form of an
infiltration barrier, could be an effective means to inhibit the movement

of the plume.
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EXECUTIVE SUMMARY

Contaminant plume migration in the vadose zone from a leak at
Tank 241-T-106 on the Hanford Site was modeled with the inclusion of
infiltration of meteoric water. The purpose of this modeling effori was to
determine the effect of coarse backfill covers overlying the buried single-
shell tank farms on infiltration of meteoric water and the subsequent
transport of contaminants from a leak at Tank 241-T-106.

Infiltration through the upper 2 m of soil cover was simulated for the
period of 1947 to 2020 to determine the amount of water available for deep
percolation towards the water table. The results of the infiltration
simulation were used to simulate the antecedent and subsequent moisture
distribution relative to the 1973 leak at Tank 241-T-106. The movement of
106Ry and 137Cs plumes resulting from this leak were simulated through the
subsurface layered sediments.

Using hydraulic properties estimated for the backfill sediments, the
infiltration simulations indicate that approximately 77 percent (13.1 cm/yr)
of annual precipitation infiltrates below a depth of 2 m. Evaporation
averaged 20 percent (3.4 cm) of annual precipitation. Reducing the hydraulic
conductivity tenfold resulted in a drainage of 68 percent of annual pre-
cipitation, whereas increasing the hydraulic conductivity tenfold resulted in
a drainage of 86 percent of annual precipitation. This indicates that the
estimate of drainage for the backfill may be reasonable, given some spatial
variation in soil properties. Different surface modifications were simulated
to evaluate potential methods for reducing drainage. When a 0.15-m-thick
layer of silt Toam soil was added to the surface, the drainage was reduced
to less than 1 percent of the annual precipitation after 5 yr. In contrast,
a surface of clean gravel increased the drainage to 95 percent of
precipitation. When an impermeable barrier was placed over the tank farm
sediments, the drainage at a 2-m depth decreased to Tess than 0.05 cm/yr
after 8 yr, for cases of either a backfill or a clean graveled surface.

The infiltration simulations suggest that coarse backfill sediments,
kept free of vegetation, allow a significant portion of the annual precipi-
tation to infiltrate and drain to the subsurface. Drastic improvement in
infiltration control is obtained using a 0.15-m-thick fine-grained (silt
loam) soil cover. A surface covering (either a fine-grained soil or an
impermeable material) will ensure that Tow infiltration rates can be achieved
in the near future.

The Tank 241-T-106 Teak was simulated for the period 1960 to 1990 using
an infiltration average of 77 percent of precipitation. The results of the
simulations indicate that the increased meteoric water infiltration, because
of the Presence of coarse surface sediments, increases the rate of movement
of the !%8Ruy plume. The simulations show the 195Ru plume approaching the
water table in the early 1980's, but subsequent radioactive decay appears
to preclude the plume from moving into the saturated zone. The simulated
137Cs plume migrates considerably less distance than the !98Ru plume because
of a greater sorption to subsurface sediments and becomes essentially
stationary after approximately 50 days.
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These contaminant plume simulations show increased mobility because of
the relatively high infiltration rates compared to previjous simulations at
lower infiltration rates. This fact implies that remedial action, in the
form of an infiltration barrier, could be an effective means to inhibit the
movement of the plume. However, the results are very preliminary because
much of the input used for both model simulations was based on estimates of
physical and chemical properties of the tank farm sediments. At present, no
direct measurements of these properties have been made on the tank farm
sediments. Laboratory measurements of these properties, as well as field
experiments verifying water fluxes and sorption characteristics at various
depths, may ultimately be required to verify the simulation results.

vi
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1.0 INTRODUCTION

An understanding of the infiltration of meteoric water through sediments
at the single-shell tank farms and the impact of this transient infiltration
on contaminant plume movement is important for evaluating alternative remedial
actions for leaking single-shell tanks at the Hanford Site. Two modeling
studies are described in this report: (1) a one-dimensional simulation of the
infiltration of meteoric water into surface sediments and (2) a three-
dimensional simulation of contaminant plume migration in the vadose zone at
Tank 241-T-106. The evaluation of infiltration through sediments at single-
shell tank farms in the 200 West Area at the Hanford Site (Figure 1) is in
support of environmental remediation activities being conducted at the
Hanford Site to comply with the Resource Conservation and Recovery Act of
1976 (RCRA); the Comprehensive Environmental Response, Compensation, and
Liability Act of 1980 (CERCLA); and the Hanford Federal Facility Agreement
and Consent Order, hereinafter referred to as the Tri-Party Agreement (Ecology
et al. 1989). This work is sponsored by the U.S. Department of Energy through
the aegis of the Westinghouse Hanford Company (Westinghouse Hanford) Environ-
mental Restoration/Remedial Action Program Office.

The varying of infiltration rates may be expected to affect the transport
of contaminants from single-shell tank leaks to the water table. The simu-
tation of the infiltration of meteoric water through 2 m of surface sediments
above the buried tank were made using the one-dimensional computer code
UNSAT-H Version 2.0 (Fayer and Jones 1990). The results were used as a
surface boundary condition for three-dimensional simulations of contaminant
plume movement in the entire vadose zone using the code PORFLO-3 Version 1.0%
(Runchal and Sagar 1989; Sagar and Runchal 1990). The results include 196Ry
and 137Cs plume migration over time with transient infiltration.

Infiltration simulations with UNSAT-H Version 2.0 included evaluation
of the sensitivity of the predictions and evaluation of potential methods
for reducing drainage by the addition of surface barriers. The proposed use
of temporary barriers would be considered an interim remedial action according
to the provisions of the Tri-Party Agreement (Ecology et al. 1989).

2.0 INFILTRATION SIMULATIONS OF METEORIC WATER INTO
SURFACE SEDIMENTS AT THE 241-T TANK FARM

The results of a one-dimensional simulation of water balance of the
surface sediments of the 241-T Tank Farm are described in the following
paragraphs. Water balance is simulated with UNSAT-H Version 2.0 (Fayer and
Jones 1990) to a depth of 2 m using daily meteorological input and estimated
sediment hydraulic properties.

*PORFLO-3 is a copyright of Analytic & Computational Research,
Incorporated.
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Figure 1. Location of the Hanford Site and the T Tank Farm.
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The purpose of this simulation was to predict the downward flux of
meteoric water over time at the depth of the approximate top of the buried
single-shell waste tanks (Figure 2). The moisture conditions and the
downward flux of meteoric water at a 2-m depth have been estimated at the
241-T Tank Farm since the beginning of tank operations in 1944. Future
drainage is also predicted for the next 31 yr (1990 through 2020) given the
data currently available. The drainage fluxes were used as input for the
upper-boundary condition in subsequent simulations using PORFLO-3 (Runchal
and Sagar 1989; Sagar and Runchal 1990). The water flux at a 2-m depth will
hereinafter be referred to as drainage.

2.1 CONDITIONS SIMULATED

The surface water balance was simulated for the period of time beginning
January 1947, near the start of use of the 241-T Tank Farm {Brown et al.
1979). Surface water balances were also simulated from 1973 to present, as
well as future water balance conditions through December 2020 (over 31 yr
from the present). The following specific cases are described in this report.

Case 1: Unimpeded infiltration into the backfill from January
1947 through December 2020 (74 yr). No action is taken
to divert precipitation.

Cases 2 and 3: Sensitivity to a change in hydraulic conductivity from
case 1 (saturated hydraulic conductivity [K,,] =
4.46 cm/h). Simulations of 0.1 x K_,, (case 2) and
10 x K;,; (case 3) for 11 yr.

Cases 4 and 5: Addition of a surface soil layer: 0.15-m-thick surface
silt loam (case 4) or clean gravel (case 5).

Case 6: Effect of precipitation timing for conditions of case 5.

Cases 7 and 8: Addition of an infiltration barrier for the conditions
of case 1 (case 7) or case 5 (case 8).

Cases 2 through 8 (Table 1) test the sensitivity of the predictions
made in case 1 to unimpeded water infiltration through the upper 2 m of
coarse-grain sediments and include several options of surface modification
to minimize drainage. A smaller amount of drainage through this zone should
result in a smaller potential for contaminant migration at a greater depth.
The simulations for the top 2 m of soil incorporate daily meteorological
data to calculate the change in water flux over time. Time increments range
from 10-%2 to 1 h, with a reduction to 10-8 h when precipitation commences.

2.2 MODEL INPUT PARAMETERS

, The one-dimensional simulations of infiltration at the 241-T Tank Farm
cover the zone from the Tand surface to a depth of 2 m, corresponding to the
approximate top of the buried single-shell tanks (Figure 2). Backfill
material (silty, sandy gravel) composed of mixed sediments, largely from the
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Table 1. Conditions Used for the Infiltration Cases Simulated.

Time period Kea Change in Impermeable
Case simulated Material (cm/h) precipitation barrier

1 1947-2020 Backfill 4.46 no no

2 1980-1990 Low-K
backfill 0.446 no no

3 1980-1990 High-K
backfill 44.6 no no

4 1957-1966 Silt Toam 2.50, no no
and backfill 4.46

5 1957-1966 Clean gravel 1,261, no no
and backfill 4.46

6 1957-1966 Clean gravel 1,261, yes no
and backfili 4.46

7 1990-2010 Backfiii 4.46 no yes

8 1990-2010 Clean gravel 1,261, no yes

and backf111 4.46

Hanford formation (Routson et al. 1979), was used to bury the tanks at the
241-T Tank Farm (Figure 2). Some of the other tank farm surfaces have been
locally covered with a layer of clean gravel. This situation is simulated
in case 5.

Grain-size distributions for several samples of backfill were provided
by the Westinghouse Hanford staff. Surface samples from 17 tank farm
locations (nine from the 200 West Area and eight from the 200 East Area)
were collected and analyzed for their grain-size distribution in early August
1989. Sample 9-025 (taken from the 241-U Tank Farm surface) and sample 9-029
(taken from the 241-S Tank Farm surface) represent the upper and lower
extremes of the grain-size distributions for samples from the 200 West Area,
where Tank T-106 is located.

The size distributions for these samples are plotted in Figure 3 with
size distributions for clean gravel (see Appendix A) and soils from the
300 Area lysimeter sites, the 200 East Area iysimeter site, and the McGee
Ranch site (Gee 1987; Gee and Kirkham 1984). Also plotted is the size
distribution for sandy gravel, designated as AP-1g, taken from the AP Tank
Farm, which has been characterized for hydraulic properties (see Appendix C).
The grain-size distribution for unit AP-lg (Figure 3) is similar to the
surface materials at the 200 West Area Tank Farms, bui sieve analyses indicate
that AP-1g may have a somewhat larger proportion of fine-grained material
than the surface samples (9-025 and 9-029). With a higher percentage of
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fine-grain sediment, the saturated hydraulic conductivity may be larger for
unit AP-1g than for the backfill sediments at the 200 West Area tank farms.
However, hydraulic conductivity and water retention data are not available
for the actual backfill at the 241-T Tank Farm, so data from unit AP-1g were
used to represent the backfill properties. Properties for the entire 2-m
depth of backfill were simulated using hydraulic properties of the AP-1g soil.

The hydraulic properties used for the backfill (i.e., those of unit
AP-1g), as well as the properties of the soils used in the other cases, are
represented by van Genuchten functions (van Genuchten 1980) as shown in
Table 2, These parameters are fitted values obtained from laboratory data.
In the simulations for the silt loam, the soil water suction (tension) was
allowed to vary from 0.0 (saturated) to 10° cm (dry) for a range of hydraulic
conductivity from 2.5 to 10-27 cm/h, respectively. The backfill and the
clean gravel had extremely steep desaturation curves. Therefore, it was
necessary to restrict the maximum suction to 500 cm to be within the 1imits
of single-precision calculations on the VAX* computer. These constraints do
not affect the overall water flux, because the water content at 500 cm is
essentially equal to the water content of residual moisture (i.e., suction is
very Targe). The K;,, for each sediment type in Table 2 are discussed in
terms of baseline hydraulic conductivity (K,) for subsequent simulations.

A unit gradient was assumed for the lower boundary condition.

Tabie 2. Hydraulic Properties, Reported as van Genuchten Functions.

9sat, Or,

saturated residual o n Kea

Sediment water water coefficient power hydrauﬁic
type content content (1/cm) index  conductivity

(cm¥/cm®)  (cm3/cmd) (cm/h)
Clean gravel 0.4190 0.0308 4.695 2.572 1,261.0
Backfill
(AP-1g) 0.2585 0.0200 0.1008 2.922 4.46
McGee silt
loam 0.4520 ¢.0000 0.00828 1.419 2.50

The initial soil suction for case 1 was 100 cm for the profile
(24 nodes); 100 cm was chosen as an estimate of relatively dry backfill
sediments because it was known that this unit dried on the surface during
tank emplacement. Other cases were initiated at later times, so their initial
conditions were the final conditions of the previous year in the case 1
simulation. Given the relatively fast transport of water in the backfill or

*YAX is a trademark of the Digital Equipment Corporation.
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the clean gravel, any choice of initial conditions should be of little
consequence after a short time (Tess than 1 yr). However, an accurate rep-
resentation of the precipitation (frequency and amount) is important to
avoid accumulating errors in water fluxes.

The model used in this simulation [UNSAT-H Version 2.0 (Fayer and
Jones 1990)] is a one-dimensional, finite-difference, unsaturated zone water
flow code. Because the UNSAT-H Version 2.0 was used in the isothermal mode
in this study, it is equivalent to UNSAT-H Version 1.0, in which the accuracy
of the code has been verified (Fayer et al. 1986). This model uses meteoro-
logical data including precipitation to simulate water and vapor movement
in the sediments and evaporation at the surface. Actual precipitation records
from the Hanford Meteorological Station were used from 1947 to 1988. Simu-
lated values used for future events were generated based on the average and
variation from 1957 to 1988 using WGEN, a Markov chain exponential model
(Richardson 1981). This model produces precipitation values that vary
randomly but maintain the same statistical features {mean, variance, and
timing) as the actual data.

The temporal resolution of WGEN output was a day; thus the hour of
initiation of precipitation events could not be simulated. Therefore, appli-
cation of precipitation starting at midnight was used at a rate of 1 cm/h.
Because the hour of precipitation differed from actual events, and the
simulated intensity was greater than most events, this water application
method was compared to actual precipitation timing and intensity. The com-
parison is reported in Section 2.3.4.

Additional daily meteorological data were needed, including maximum
and minimum temperatures, dew point temperature, net solar radiation, wind
velocity, and cloud cover. The Hanford Meteorological Station data were
used for 1947 and 1957 through 1988. The model WGEN (Richardson 1981) was
used to synthesize data for maximum and minimum temperatures and net solar
radiation for 1948 to 1956 and 1989 to 2020. The input parameters for WGEN
were calculated from the Hanford Meteorological Station data from 1957 to
1988. Average monthly vaiues for wind velocity for 1945 to 1980 and cloud
cover for 1946 to 1980 (Stone et al. 1983) were used in the simulations, and
a weekly average was used for dew point temperature, because these param-
eters could not be generated stochastically.

The rate of evaporation depends on both the potential evaporation rate
and the mass of water at the sediment surface {(i.e., in the uppermost
element). The maximum (potential) evaporation rate is calculated with the
Penman equation, which is a theoretical approach that includes both radiant
energy and aerodynamic {wind and vapor pressure deficit) terms (Doorenbos
and Pruitt 1977). As water is removed from the surface element by evapora-
tion, a soil suction gradient develops, which results in water being
transported up from deeper in the sediments. When this vertical water
transport .rate to the surface is smaller than the potential evaporation
rate, the actual evaporation becomes limited by the water transport rate
and, as a result, the surface dries out. Evaporation eventually becomes
negligible as the water transport rate becomes small. The potential
evaporation rate can also Timit the actual evaporation rate, because
meteorotogical conditions at the surface change hourly and seasonally.
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Plant transpiration was not simulated in this study because a herbicide
currently is used on the surface at the 241-T Tank Farm, and the plant
density and herbicide timing over the T1ife of the tank farm are not known.
Although UNSAT-H Version 2.0 (Fayer and Jones 1990) can solve cases of Tinked
moisture and heat flux, no change in heat flux was considered, to reduce the
compiexity of the simulation. Vapor flux of water (assuming consiant heat
flux) was included in the simulation because it may be significant, given
the Targe air porosities that are present most of the time in the gravel.
The diffusion coefficient for water vapor (0.246 cm?/s) was calculated at
the average annual sediment temperature (11.5 °C) with the Wilke-Chang
equation (Bird et al. 1960).

2,3 INFILTRATION SIMULATION RESULTS

2.3.1 Infiitration of Meteoric Water

The relatjonship between daily precipitation and drainage at a depth of
2 m for simulation case 1 is shown in Figure 4, where the two largest pre-
cipitation events (at 61 and 271 days) are shown to reach the 2-m depth in
an average of 31 and 22 days, respectively. Because water is also redistri-
buted throughout the sediments, the volume of downward flux also depends on
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Figure 4. Precipitation and Drainage for Backfill (Case 1).
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the antecedent moisture conditions. Smaller precipitation events do not
produce clear drainage peaks, as a result of the redistribution of the pre-
cipitation pulse. For example, the third largest drainage peak {at 171 days)
is probably the result of the combination of precipitation grouped around
days 130 and 155. Without closer examination of the hourly flux profiles,
further resclution is not possible. In general, Figure 4 shows that water
transport in the upper vadose zone is relatively fast (within a month) for
this backfill. Therefore, summed over a long period such as a year, the
flux at the 2-m depth would not show a significant lag compared to
precipitation. However, because a significant portion of precipitation
occurs in December, the variation between yearly precipitation and drainage
may be caused by late-year precipitation events that result in drainage
early in the following year.

The results of the 74-yr simulation of infiltration (case 1) for the
years 1947 through 2020 are presented in terms of yearly cumulative fluxes
in Table 3. The precipitation simulated over the 74 yr averaged
16.88 + 4.41 cm, compared to an average of 16.02 + 4.41 cm for the years 1912
through 1980 (Stone et al. 1983) and an average of 16.72 + 4.87 cm for the
years 1947 to 1988. While these are in reasonable agreement, the combined
generated and actual precipitation average does not equal either of the
other averages exactly because the number of values of generated data is
relatively small (31 yr) and the entire historical record (1912-1980) is
not completely generated.

The evaporation averaged 3.41 t 0.78 cm/yr in the 74-yr simulation
(case 1, with unimpeded infiltration) or about 20.2 percent of the total
annual precipitation. About 77 percent of the annual precipitation or
13.1 + 3.03 cm/yr ended up as drainage at a depth of 2 m. The net storage
(final storage minus initial storage) in the backfill was 6.25 cm and
accounted for 0.5 percent of the total precipitation for the 74-yr test
period. Surface runoff averaged 1.8 percent per year and the mass-balance
error averaged 0.2 percent per year, which accounted for the remaining flux.

The surface runoff component is produced during the initial phases of
the rain events and is apparently an artifact of the water entry calculation.
Therefore, this error could be Tumped with the mass-balance error. A combined
annual mass-balance error of 2 percent accounts for the water balances failing
to agree exactly in Table 3. A preliminary double-precision version of
UNSAT-H (Fayer et al. 1986) was used to calculate fluxes for 2 yr in the
backfill. The surface runoff component was eliminated in this simulation;
most of the surface runoff flux resulted in increased drainage at a depth of
2 m (80.0 percent of precipitation) and a small decrease in evaporation
(18.3 percent of precipitation).

The high infiltration rates in the backfill caused the actual
evaporation (3.41 cm/yr) to be small compared to the potential evaporation.
Potential evaporation averaged 165 cm/yr for years when actual precipitation
data were available and for the years 2011 to 2020, and it averaged 114 cm/yr
for other years in which the meteorological data were generated. The differ-
ence in potential evaporation was caused by an error in generating estimates
of the dew point temperature. This apparently. did not affect the results,
because the average evaporation in years with high potential evaporation

10
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Table 3. Results for Backfill (Case 1).
Year Precip. Evap. Drainage Storage|Year Precip. Evap. Drainage Storage
(cm/yr) (cm/yr)  (cm) (cm) (em/yr) (cm/yr) (cm/yr) {cm)
Initial 4.56
1947 23.70 5.19 12.51 10.49 | 1985 12.95 2.47 10.66 10.12
1948 25.27 5.61 18.97 10.88 | 1986 18.01 3.44 13.56 10.85
1949 10.46 2.48 8.95 9.83 1987 12.90 2.81 9.68 11.22
1950 28.90 5.75 21.86 10.82 | 1988 10.59 2.49 9.18 9.79
1951 17.78 3.86 13.70 10.34 1989 15.29 3.30 10.85 10.64
1952 10.57 2.84 9.06 8.96 | 1990 16.94 3.61 12.68 10.99
1953 17.65 3.88 11.81 10.02 §{ 1991 14.68 3.13 10.41 11.96
1954 14.53 3.07 11.55 9.56 | 1992 20.07 3.92 16.38 11.50
1955 18.57 4.11 11.56 12.42 | 1993 18.03 3.85 12.84 12.51
1956 14.22 3.28 13.66 9.48 | 1994 13.11 3.32 11.96 10.28
1957 21.06 4.25 15.48 9.80 1995 19.48 3.79 13.51 12.28
1958 22.20 4.27 15.80 11.52 { 1996 16.92 3.72 14.36 10.81
1959 17.96 3.62 16.32 9.29 | 1997 16.26 3.29 12.58 11.10
1960 13.77 3.46 8.95 10.59 | 1998 19.51 4.09 15.36 10.73
1961 17.37 3.27 14.62 10.04 | 1999 16.87 3.38 13.09 10.82
1962 15.39 2.91 11.83 10.42 | 2000 15.98 3.55 12.59 10.23
1963 16.03 2.89 11.83 10.72 2001 21.56 3.95 16.57 16.65
1964 13.69 2.58 7.06 14.45 | 2002 16.03 3.25 12.65 10.65
1965 9.27 2.01 11.48 10.12 2003 12.95 2.91 8.64 12.02
1966 15.06 3.07 11.49 10.25 | 2004 16.13 3.27 13.40 11.10
1967 8.28 2.15 8.21 8.09 | 2005 18.72 3.97 15.27 10.54
1968 14.38 3.13 8.37 10.78 | 2006 21.79 3.75 15.83 12.51
1869 16.16 3.10 12.29 10.77 2007 14.91 2.75 14.11 10.14
1970 16.08 2.74 13.91 9.70 2008 19.41 3.86 13.26 12.33
1971 16.00 2.75 11.35 11.16 | 2009 16.33 3.54 12.60 12.34
1972 16.23 2.59 12.90 11.42 | 2010 22.50 4.51 18.17 12.11
1973 21.01 1.75 15.74 14.14 2011 17.40 3.47 14.36 11.55
1674 13.46 2.72 13.67 10.85 2012 12.55 3.13 10.79 9.74
1975 18.95 3.75 14.92 10.55 | 2013 14.78 3.13 10.28 11.09
1876 7.06 1.95 8.43 7.53 | 2014 16.84 3.04 12.91 11.91
1877 16.26 3.24 7.95 11.22 2015 16,89 3.65 13.56 11.22
1978 16.61 3.51 14.20 10.02 { 2016 15.39 2.90 12.88 10.52
1979 14.05 2.90 9.81 11.31 | 2017 22.50 4,10 16.37 12.34
1980 24.56 4.24 18.35 12.09 | 2018 19.94 3.57 14.97 13.34
1981 17.88 3.19 14.36 11.93 2019 11.91 2.23 13.77 9.20
1982 20.27 3.94 15.74 12.43 | 2020 15.29 3.37 10.10 10.81
1983 27.12 5.35 22.52 12.31
1984 18.44 4.32 15.84 10.52
average 16.88 3.41 13.07 10.93
standard deviation x4.09 10.78 +3.03 +1.19
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(3.22 £ 0.78) was actuaily less than the average evaporation in years with
Tow potential evaporation (3.66 £ 0.70), probably because slightly more
precipitation occurred.

The small evaporation estimate is reasonably accurate for the conditions
of this simulation, given that the yearly mass-balance error was Tow and the
effect of a change in hydraulic conductivity was small (see Section 2.3.2).
The small mass-balance error was achieved by using a large number of time
steps (16,000 to 100,000/yr), which caused the simulations to use consider-
able computer time (70 to 250 central processing unit min/yr simulated).

A double-precision version of UNSAT-H was tested and found to run even slower
(300 central processing unit min/yr), so all of the test runs (Cases 1 through
8) were run with the single-precision version of UNSAT-H.

A plot of the yearly cumulative fluxes (Figure 5) shows that the drainage
has no noticeable lag relative to precipitation. The average for evaporation
of 20 percent of precipitation is in the same range as the 15 to 35 percent
rate measured in field lysimeters containing clean gravel that have been in
operation for 3 yr (Gee 1987). When the precipitation and drainage at a 2-m
depth (Figure 5) are compared, the yearly change in storage should also be
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Figure 5. Yearly Fluxes for Backfill {Case 1).
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considered (Table 3), because of the lag for the drainage from year-end pre-
cipitation. The years in which the drainage exceeds precipitation are usually
accompanied by a decrease in storage. Yearly average storage in the backfill
averaged 10.93 £ 1.19 cm/yr; this value can be converied into volumetric

water content by dividing by the soil profile depth (200 cm). Thus the
average volumetric water content in the backfill was 5.47 = 0.006 percent.

The precipitation input varies on an hourly basis, but as a result of
some damping, the drainage (Figure 4) appears to vary in terms of days
(i.e., hourly resolution is not necessary). When the data are summed on a
yearly basis (Figure 5), the resolution of changes in drainage from specific
precipitation events is Tost; therefore, the plot varies as a step function
from year to year. Consequently, a plot of the actual daily drainage values
for the 74 yr (27,000 points) would show smoother transitions than those in
Figure 5, although the values would have greater extremes.

The sensitivity of the flux predictions to changes in hydraulic conduc-
tivity and surface sediment properties is discussed in the following para-
graph. An evaluation of the timing of precipitation also is discussed because
simulated precipitation events began at midnight, while actual events occur
more randomly.

2.3.2 Hydraulic Conductivity Alteration

Two variations of case 1 were simulated for an 11l-yr period to test the
sensitivity of the evaporation and drainage predictions. Using the hydraulic
properties (other than conductivity) of the backfill (Table 2), the drainage
through a backfill with a tenfold smaller hydraulic conductivity (Tow-K
backfill) was simulated in case 2. The flux through a backfill with a ten-
fold Targer hydraulic conductivity (high-K backfill), was simulated in case 3.
The results of this water-flux modeling (Table 4) show that there was more
evaporation {27 percent) for the simulated low-K backfill (case 2) than the
backfill in case 1 (20 percent). There was slightly less evaporation
(19 percent) in the simulated high-K backfill (case 3) than the evaporation
in backfill (case 1). Drainage averaged 87 perceni of precipitation for the

high-K backf111 (case 3, K., = 44.6 cm/h), 77 percent for the backfill
(case 1, : = 4.46 cm/h), and 71 percent for the lTow-K backfill (case 2,
Koot = 5.a%h cm/h).

The relationship between precipitation and drainage at a 2-m depth for
the three cases is more clearly shown on a daily basis (Figure 6). Two
precipitation events at 23 and 34 days (shown in the lower graph of Figure 6)
will reach the 2-m depth at different times, depending on the hydraulic
conductivity. In the higher conductivity (high-K) backfill (case 3}, water
infiltrates faster and with greater volume (represented by the area under
the curve), whereas water flow is slower in the lower-conductivity (1low-K)
backfill (case 2) and less volume reaches the 2-m depth. A precipitation
event at day 255 does not appear in the drainage of the Tow-K backfill
(case 2), probably because evaporation is much greater at th1s warmer time
of year than for earlier precipitation events.

13
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Table 4. Results for Hydraulic Conductivity Changes.

Case 2 Case 3
Year Precip. Backfill with 0.1 x K, Backfill with 10 x K,
(cm/yr)
Evap. Drainage Storage Evap. Drainage Storage
(cw/yr) (cm/yr) (cm) (cm/yr) (cm/yr) (cm)
Initial 11.47 11.47
1980 24 .56 5.41 14,54 16.70 3.77 26.14 8.54
1981 17.88 4.08 11.75 17.50 2.87 14.98 7.90
1982 20.27 5.12 11.89 19.66 3.56 16.87 7.46
1983 28.12 7.02 18.62 20.39 4,74 21.48 8.64
1984 18.44 5.73 16.81 16.57 3.78 15.68 7.36
1985 12.95 3.14 9.30 16.19 2.21 11.51 6.53
1986 18.01 4.65 13.76 15.16 3.14 13.66 7.39
1987 12.90 3.68 9.06 14.94 2.54 10.37 7.15
1988 10.59 3.10 8.45 13.46 2.31 8.19 7.01
1989 15.29 4.42 6.89 16.59 3.11 11.58 7.42
1990 16.94 4.61 11.55 16.75 3.33 13.39 7.12
Average 16.18  4.63 12,06  16.72 3.21  14.90% 7.50
s 13.75 1.16 +3.62 +1.98 +0.74 +5.16 +0.64

*Excludes 1980.

Another observation that can be made from Figure 6 is that the redis-
tribution of water (i.e., the damping of water flux) is greater in the Tow-K
backfill (case 2). Considering water infiltrating from the two precipitation
peaks at 25 and 45 days, the high-K backfill (case 3) shows two large and
distinct drainage peaks, in contrast to the backfill (case 1), which has two
smaller and less distinct peaks. The Tow-K backfill (case 2) shows one peak
at 85 days (the peak at 35 days is probably from the previous year’s
precipitation).

Even with a change of two orders of magnitude in the soil hydraulic
conductivity, by modeling the estimated sediment and meteorological
conditions of the Hanford Site, evaporation is estimated to be 19 to
27 percent of precipitation, and 71 to 87 percent of precipitation reaches
the 2-m depth. Using hydraulic data from the actual backfill at the tank
farms would make it possible to obtain a better estimate of the drainage.

2.3.3 Surface Soil Conditions Alteration

Two simulations of 10-yr periods were performed assuming the addition
of a 0.15-m layer of clean gravel (case 5) or silt loam {(case 4) to the
surface of the existing backfill. The purpose of the clean gravel simulation
was to provide a comparative estimate of drainage for such a condition because
a relatively clean gravel is locally present at some tank farms at the Hanford
Site, such as the TX and TY Tank Farms. The silt loam simulation was included

14



WHC-EP-0332

0.50

o
n
')

o
w
o

Drainage at 2-m Depth for:

Drainage at 2-m Depth (cm)
o
N
[

o
—a
(]

- ‘\.

Lovbchvo b s e o e bovor bein

)
o
8 o
|

o
N
T

|

o
(&)
T

o
o
I

|

Precipitation {cm
OO
o
T

(o]

Al

0 30 60 90 120 150180 210 240 270 300 330 360
Day

Year of Simulation: 1986

PS80-011

Figure 6. Effect on Drainage of a Change in Hydraulic Conductivity.

to evaluate the efficiency of this material in reducing the infiltration of
meteoric water. The hydraulic properties used for these simulations are
Tisted in Table 2.

The results are similar to those described in Section 2.3.2, in which the
sitt Toam soil, with smaller hydraulic conductivity, exhibits less drajnage
at a depth of 2 m and more evaporation, and the clean gravel exhibits greater
drainage. More specifically, evaporation from the surface silt loam (case 4
in Table 5) was significantly greater than from the backfill (95 percent
versus 20 percent), and the silt loam also had significantly less drainage
to a depth of 2 m (1 percent versus 77 percent). This indicates that the
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addition of a fine-grained silt Toam surface soil could significantly reduce
the drainage of water. This small amount of drainage can be reduced further
by the emplacement of an impermeable barrier, as described in the next
section,

Table 5. Effect on Drainage of the Addition of a Surface Soil.

Case 4 Case 5
Year Precip. Si1t loam on surface Clean gravel on surface

{cm/yr)

Evap. Drainage Storage Evap. Drainage Storage
(em/yr)  (cm/yr) (cm) (cm/yr)  (em/yr})  (cm)

Initial 9.48 9.48
1957 21.06 26.10 3.788 7.0l 0.602 20.01  10.05
1958 22.20 18.82 0.464  9.88 0.704 20.08  11.35
1959 17.96  17.82  0.464  6.64 0.599 19.11 9.53
1960 13.77  12.64  0.215  7.52 0.526 12.03  10.65
1961 17.37 17.81 0.132 6.91 0.543 16.73  10.67
1962 15.39  15.40 0.092 6.78 0.470 14.76  10.73
1963 16.03  14.76  0.069 7.94 0.474 15.20  11.01
1964 13.69  10.14  0.055 11.14 0.441 10.26  13.92
1965 9.27 14.04 0.045  6.59 0.327 12.67  10.13
1966 15.06  12.54  0.037  9.04 0.520 14.18  10.40

Average 16.18  14.89% 0.175%  7.94 0.52 15.50  10.84

Standard +3.75  #2.89 0.173  #1.57  %0.10 +3.43 1,20

deviation

*ExcTudes 1957.

The simulated addition of a layer of clean gravel to the surface results
in decreased evaporation compared to the backfill (3 percent versus
20 percent) and increased drainage to a depth of 2 m (96 percent versus
77 percent). These results suggested that a larger volume of water should be
expected to infiltrate the sediments at the tank farms that locally have
clean gravel at the surface.

A plot of the drainage at a depth of 2 m for cases 1, 4, and 5
(Figure 7) indicates that the simulations predict more rapid drainage for a
clean gravel surface (case 5) than for the backfill. At a 2-m depth for
conditions in which a silt loam is on the surface (case 4), there is Tittle
relationship between precipitation and drainage because of the significant
amount of evaporation that occurs. The initial conditions for all 3 cases
were identical, so drainage as shown in Figure 7 was initially the same.

Because the precipitation fluxes do not appear as drainage peaks for the

silt Toam case (Figure 7), it is difficult to estimate the travel time for
comparison to the gravel cases. However, the yearly drainage for the silt
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loam (Table 5) shows that it took several years to eliminate the effects of
the initial conditions, which suggests that water transport through the silt
Toam could take considerably longer than in the backfill.

2.3.4 Precipitation Timing and Intensity

The effect of the timing and intensity of precipitation was investigated
for 10 yr of records (1957 to 1966) for the conditions of case 5 (surface
covered by a clean gravel). In case 5, precipitation was simulated as
beginning at midnight at 1 cm/h; for case 6, the actual hour and intensity of
rainfall were used. The results indicate a small increase in evaporation
(4.9 percent versus 3.2 percent of annual precipitation) for the actual versus
the simulated precipitation timing (i.e., cases 6 and 5, respectively).

This results in a 0.9 percent decrease in the drainage at 2 m. Although

this relationship was not evaluated in the other cases, precipitation timing
and intensity should affect surfaces covered with finer materials to an

equal or greater extent. However, an additional factor that may increase
drainage is infiltration beneath a snowpack; this phenomenon is not presently
simulated with UNSAT-H Version 2.0 (Fayer and Jones 1990).

2.3.5 Barrier Simulations

The results of the simulations of the 20-yr effect of an impermeable
surface barrier are presented in Table 6 for the backfill (case 7) and the
cliean graveled surface (case 8). In each case, the drainage decreased
significantly to about 4.5 cm for the first year after barrier emplacement,
and 0.5 cm the second year. Within 3 yr, the drainage was less than
0.25 cm/yr, and after 5 yr the drainage was less than 0.1 cm/yr. The
continued flux is due to the drainage of the water remaining in the 2-m
backfill (about 5 cm or 2.5 percent). The residual (minimum) soil moisture
for the backfill is 2 percent (listed as residual water content in Table 2},
so drainage would asymptotically approach this value, subject to water table
boundary conditions deeper in the sediments.

The decrease in the drainage is iTlustrated in Figure 8 for these two
cases. The area under each curve represents the total drainage volume.
There is very little difference in the drainage between the two barrier
cases. Given that the drainage drops to a relatively small amount within
3 yr, a reasonable estimate for the drainage reduction from barrier
emplacement is equal to the average yearly drainage of 13.1 cm/yr for the
backfiil and 16.2 cm/yr for the clean graveled surface.

The cumulative drainage at a depth of 2 m (Figure 9) graphically shows
this decrease in water volume for the fwo impermeable barrier cases. The
slopes of the lines before barrier emplacement are equal to the flux rates,
and the variation in each Tine is caused by the temporal variation of
precipitation. Over a long time (e.g., decades), the data show that the
temporal variation in drainage might reasonably be ignored and an average
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Table 6. Results for the Addition of an Impermeable Surface Barrier.

Case 7 Case 8
Year Precip. Backfill Clean gravel on surface
(cm/yr)
Evap. Drainage Storage Evap. Drainage Storage
(em/yr)  (cm/yr) (cm) (em/yr)  (cm/yr) {cm)
1989  15.29 3.30 10.85 10.64 3.30 10.85 10.64
1990 0.0 0.0 4.455 6.18 0.0 4.819 6.21
1991 0.0 0.0 0.499 5.69 0.0 0.469 5.74
1992 0.0 0.0 0.239 5.45 0.0 0.224 5.51
1993 0.0 0.0 0.149 5.30 0.0 0.139 5.37
1994 0.0 0.0 0.105 5.19 0.0 0.098 5.28
1995 0.0 0.0 0.000 5.11 0.0 0.074 5.20
1996 0.0 0.0 0.063 5.05 0.0 0.059 5.14
1997 0.0 0.0 0.052 5.00 0.0 0.048 5.09
1998 0.0 0.0 0.044 4.95 0.0 0.041 5.05
1999 0.0 0.0 0.037 4,92 0.0 0.035 5.02
e 2000 0.0 0.0 0.033 4.88 0.0 0.030 4.99
P 2001 0.0 0.0 0.029 4.86 0.0 0.027 4,96
2002 0.0 0.0 0.026 4.83 0.0 0.024 4.94
Py 2003 0.0 0.0 0.023 4.81 0.0 0.021 - 4.92
2004 0.0 0.0 0.021 4.79 0.0 0.019 4.90
- 2005 0.0 0.0 0.019 4.77 0.0 0.018 4.88
P 2006 0.0 0.0 0.017 4.75 0.0 0.016 4,86
2007 0.0 0.0 0.016 4.73 0.0 0.015 4.85
£ 2008 0.0 0.0 0.015 4.72 0.0 0.014 4.84
2009 0.0 0.0 0.014 4.71 0.0 0.013 4.82
o 2010 0.0 0.0 0.013 4.69 0.0 0.012 4.81
- used with very Tittle loss in accuracy. This suggestion is not appropriate,
—e however, for short periods of time in which the combination of Targe
precipitation events and rapid transport of water in the sediments Teads tfo
o~ variation in daily drainage, as shown in Figure 4.

The reduction of water flux into contaminated sediments under Tank 106
in the 241-T Tank Farm should reduce the potential for radionuclide transport
from near the tank to deeper parts of the vadose zone. The effect will be
more clearly defined by subsequent three-dimensional simulations.

2.4 INFILTRATION SIMULATION CONCLUSIONS

The simulations using UNSAT-H Version 2.0 (Fayer and Jones 1990) show
that the annual water balance of the top 2 m of cover placed over the tank
farms is highly dependent on the hydraulic properties of the cover materials
and less dependent on the variations in annual precipitation. The simulated
climatic changes cause precipitation to vary around a mean value of about
17 cm, or 1 cm higher than the Teng-term average for the Hanford Site.
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Using a hydraulic property approximation of the backfill (sample AP-1g) at
the 241-T Tank Farm, a simulation indicated that 20 percent of the annual
precipitation evaporated, and 77 percent reached a depth of 2 m for a period
of 74 yr. Simulations of a two-orders-of-magnitude change in the hydraulic
conductivity of the backfill showed that 68 percent to 86 percent of the
annual precipitation reached the 2-m depth when these changes in hydraulic
properties were simulated for an 1l-yr period (1980 to 1990). With a thin
Tayer of clean gravel or a silt loam soil on the surface, the water flux at
a 2-m depth varied from about 95 percent to 1 percent of the annual precipita-
tion for a 10-yr (1957 to 1966) simulation period. Essentially, surfaces
covered with coarse backfill materials enhance infiltration, while surfaces
covered with silt Toam materials significantly reduce infiltration.

No direct measurements of hydraulic properties have been made on the
upper 2 m of tank farm sediments. Hydraulic property measurements are
necessary to substantiate the model simulations. Direct measurements of
water flux at a 2-m depth ultimately may be required to verify the model
simulation results. However, the results are in general agreement with
recharge measurements at lysimeters in the 300 Area on the Hanford Site.
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3.0 SIMULATIONS OF CONTAMINANT PLUME MOVEMENT
IN THE VADOSE ZONE AT TANK 241-T-106

3.1 CONCEPTUAL MODEL FOR THE SIMULATIONS

The 241-T-106 single-shell tank is located in the 200 West Area of the
Hanford Site, in southcentral Washington State (Figure 1). The problem of
Teaking single-shell tanks is well documented, most recently by the
U.S. General Accounting Office (GAO 1989). The major features of the problem
are summarized below.

The Tank 241-T-106 Teak was first documented in 1973 (ARHCO 1973).
A report by the U.S. Atomic Energy Commission (AEC 1973) provides a detailed
chronology of the leakage that began on or about April 20, 1973. Leakage
stopped on June 10, 1973, when the pumpable Tiquid contents of the tank were
removed. The total duration of the leak was approximately 52 days, during
which 115,000 gal of supernate were Tost from the tank.

The radionuclide inventory of the supernate solution within the tank is
shown in Table 7. Most of the inventory consists of 144Ce and 144Pr, 137(s,
89Sy and 9%Sr, and 1%%Ru and 196Rh, with lesser amounts of the other
radionuclides (Routson et al. 1979). With the exception of 105Ru and 196Rh,
the inventory is characterized by long half-lives and high sorption

coefficients. The inventory in Table 7 corresponds to 2.67 x 10° total Ci of

106Ry and 3.85 x 104 total Ci of !37Cs that leaked from the tank. The 1%6Ry
has a half-life of 1 yr and sorption coefficients are generally approximately
zero; the 137Cs has a half-Tife of 30.17 yr (Walker et al. 1984) and is
highly sorbed by Hanford Site soils. The movement of !98Ru is of interest
because its transport should be essentially concurrent with the fluid front.

The leak apparentiy occurred on the southeast side of the tank because
the contaminant plume is centered around this area. Figure 10 shows a plan
view and a vertical cross-sectional view of the plume as measured in the
summer of 1973, after the leak had been detected and the tank pumped out.
The concentrations shown in the figure were measured on a per-liter-volume-
of-soil basis. The contaminant transport is shown for 196Ru, 144Ce, and
137Cs. The 106Ry is the most mobile of the three radionuclides and traveled
the farthest; the 137Cs is the least mobile and was contained within a small
zone around the base of the tank. The configuration of the 1%6Ru plume
appears to be approximately circular, with a radius of about 15 to 20 m in
pian view and a maximum depth of about 20 m.

Figure 11 shows the measured !9%Ru 1-uCi/L isopieths for 1973 versus
1978; the 196Ru 1-uCi/L isopleth appears to have migrated about 5 to 7 m
downward at dry wells 107 and 108, but shows 1ittle movement elsewhere.
Because of its relatively short (1-yr) half-1ife, 196Ru would decay from the
estimated 2.7 x 10!! uCi leaked from the tank in 1973 to about 8.4 x 109 uCi
in 1978. However, the decay process alone is not sufficient to explain the
relative stationarity of the 1 uCi/L isopleth of 106Ru observed in 1978.
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Table 7. Radionuclide Inventory of the Tank 241-T-106
Supernatant Solution.

Radioactive component puci/Le pCi/galb
Cerium-144/praseodymium-144 1.18 x 104 4.48 x 104
Cesium-137 8.85 x 104 3.35 x 103
Europium-155 1.69 x 108 6.40 x 103
Cesium-134 1.32 x 103 5.00 x 103
Antimony-125 1.12 x 104 4.24 x 103
Strontium-89/strontium-90 2.98 x 10* 1.13 x 105
Ruthenium-106/rhodium-106 6.12 x 10° 2.32 x 106
Plutonium-239 9 34
Plutonium-240 ‘ 2 8
Americium-241 2 6

aAfter Routson et al. {1979).
bAfter AEC (1973).

Based primarily on the work of Price and Fecht (1976), but in general
agreement with more recent work, five stratigraphic subdivisions are assumed
for the unsaturated zone in the vicinity of the 241-T Tank Farm. These
zones are shown in Figure 12. The total section is 61 m thick. Beginning
at the water table, the vadose zone consists of about 23 m of sandy gravel
overlain by 14 m of calcareous, silty, fine-grained to very-fine-grained sand
that may include a caliche layer. Above this are 4 m of coarse-grained to
medium-grained sand overlain by 8 m of pebbly, very-coarse-grained to medijum-
grained sand, and capped by about 12 m of backfill (a silty, sandy gravel).

In the horizontal plane, the model domain encompasses an area of about
6,000 m? approximately centered on Tank 241-T-106. The model domain extends
vertically to about 81 m below the land surface (205 m), including 61 m of the
vadose zone and 20 m of the saturated zone. At this scale, each stratigraphic
subdivision within the domain is assumed to be of constant thickness. No
flow is allowed across the vertical (sides and ends) boundaries of the vadose
zone. Groundwater flow in the vicinity of the 241-T Tank Farm is to the
north, with a gradient of about 1 x 10°2 (Last et al. 1989). These conditions
are imposed on the saturated zone in the model. The saturated zone was
arbitrarily terminated by a no-flow boundary at an elevation of 124 m.

Infiltration through the top surface of the model is based on the results

of the UNSAT-H Version 2.0 modeling studies (Table 3). These numbers were
tabulated directly into the input for the PORFLO-3 simulation. The tank
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Figure 10. Plan and Vertical Cross-Sectional Views of the 1973 137(Cs,
144Ce, and 196Ry (1 uCi/L) Volumetric Isopleths.
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Figure 11.
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Figure 12. Textures and Thicknesses of the Five Stratigraphic
Zones at the T Tank Farm.

itself is represented as an impervious block. This treatment allows the
infiltrating water to be diverted around the tank. Thus, in a local zone
around the perimeter of the tank, the volumetric flux may be significantly
enhanced. As part of the simulation, water infiltration around the tank
from 1960 to the 1973 leak was simulated to approximate the steady-state
moisture conditions before the leak.

The three-dimensional domain is a region of 3.7 x 105 m?, having
dimensions of 88 x 68 x 80 m. This domain was discretized into a
24 x 15 x 36-m grid containing 12,960 cells. A variable grid spacing was
used in all three dimensions. The smallest cells in the model are
2.0 x 2.0 x 0.5 m and are located beneath the tank in the leak zone.

Although directly measured sediment properties for the Tank 241-T-106
site are not currently available, several data catalogs are available (Sewart
et al. 1987; see Appendix C). The textural descriptions for the five sediment
samples analyzed during excavation of the 210-AP Tank Farm in the 200 East
Area (Sewart et al. 1987) were matched to the descriptions of the five
sediment layers identified at the T Tank Farm. The corresponding moisture
retention curves and hydraulic properties for the samples were input to the

) and the
saturated, volumetric moisture content {8,,,) of the samBiEs are shown in
Figure 13, as they are applied to the str %igraphic subdivisions identified
in Figure 12, -
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Figure 13, Saturated Hydraulic Conductivity and Saturated Moisture
Content Values for the Five Stratigraphic Layers
Identified at the T Tank Farm.

The vertical hydraulic conductivity used in the model was reduced by a
factor of two from that given in the data catalog. Previous simulations
with constant infiltration (Smoot and Sagar 1990) indicated that a small
anisotropy produced the best calibration to the observed plume measurements.
The absence of site-specific data, however, introduces uncertainty into the
simutfation resuits.

Transport coefficients were assumed for each of the five major soil
horizons. For all horizons, the Fickian molecular diffusion ceoefficient (D)
was held constant at 1 x 10-5 m?/day and longitudinal and transverse dis-
persivity at 1.0 m and 0.1 m, respectively. For those model simulations
that address retardation, a distribution coefficient of § x 10°7 md/g
(0.5 mL/g) was used for '08Ru and 1 x 104 m?/g (100.0 mL/g) for 137Cs.
Continued work is needed to quantify contaminant transport properties of
Hanford Site sediments; the values used in the simulation were only estimates.

3.2 CONTAMINANT PLUME SIMULATION RESULTS

The time period of simulation for the Teak at Tank 241-T-106 began in
1960. Infiltration was simulated for the 13 yr before the Teak in 1973.
The annual recharge values listed in Table 3 were input to the model instead
of an average value. The simulation began in 1960, to approximate the steady-
state moisture conditions around the tank resulting from infiltration before
the leak. The use of annually varying recharge values significantly
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increases the computational effort needed for the simulations. The model is

very sensitive to changes in mass flux; therefore, the model time steps must

be small to accommodate the annual change in recharge, resulting in increased
iterations per unit of time.

Relative saturation simulated for 1969 is shown in Figure 14. The figure

shows relative saturation increasing in the sediments around the perimeter

of the tank. Lobes of higher relative saturation have developed in the
sediments below the sides of the tank and a generally symmetric pattern of
moisture distribution is observed at depth. This significantly contrasts

with the uniform, layered distribution of moisture content that would be
gbsErved for constant infiltration conditions imposed at the start of the

eak.

Relative saturation simulated for the summer of 1974 is shown in
Figure 15. The increase in saturation around the sides of the tank is still
evident. The distribution of saturation at depth is more uniform than that
observed in 1969. One explanation could be that the leaked fluid increased
the moisture content in the sediments underneath the tank that were otherwise
shielded from infiltration. Such an effect could tend to make the distribu-
tion of moisture content more uniform. Alternatively, the moisture distri-
bution in 1969 might have been a transient phenomena, indicating that the
model had not reached steady-state conditions. Relative saturations at
later times were similar to the 1974 profile, which further supports this
hypothesis. Simulation at earlier times may be necessary to approximate
steady-state infiltration conditions before the Jleak.

3.2.1 Ruthenium-106 Movement

The simulated movement of the 19%Ru plume at selected time steps during
the first year after the tank leak is shown in Figure 16. The contours rep-
resent the 1 pCi/L isopleth for 108Ru, The simulations show both a greater
horizontal and a greater vertical spread of the plume than that observed in
1973 (Figure 10).

The greater spread of the simulated plume is most 1ikely the result of
the infiltration values applied to the model. Related simulations of the
Tank 241-T-106 (see Chapter 1.0) incorporated identical hydraulic properties.
The major difference in those simulations was that the infiltration was held
constant at 0.05 m/yr. This value contrasts with an average annual value of
about 0.13 m/yr indicated by simulations of the UNSAT-H Version 2.0 simula-
tions (Table 3). The results for the 0.05 m/yr simulation are shown in
Figure 17 for comparison. The additional flux of moisture could produce the
increased movement of the plume observed in the simulations shown in
Figure 18.

The simulations for 196Ru at later times are shown in Figure 10. The
simulation results indicate that the 1 uCi/L isopleth for !98Ru approaches,
but does not reach, the water table in the early 1980’s, about 7 yr after the
leak. After that time, the simulated plume begins to recede. The shrinkage
of the simulated plume appears to be primarily the result of radioactive
decay. ‘ '
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3.2.2 Cesium-137 Movement

Cesium-137 is highly sorbed by the minerals in the Hanford formation
sediments underlying the tank. The simulated distribution of !37Cs is shown
in Figure 19. The simulated plume has a radius of several meters. After
about 50 days, the extent of the plume becomes approximately stationary.

This result is similar to that observed for related simulations (see

Chapter 1.0) at lower infiltration rates. The 137Cs sorption appears to be
sufficiently high that the increased infiltration rate does not significantly
increase the mobility of the simulated '37Cs plume.

3.3 CONTAMINANT PLUME SIMULATION CONCLUSIONS

The UNSAT-H Version 2.0 {Fayer and Jones 1990) simulations suggest a
higher average annual recharge rate than previously has been estimated for the
241-T-106 Tank Farm. The results of the PORFLO-3 Version 1.0 simulations
indicate that the increased flushing of the soil column, resu]tin? from higher
infiltration, may increase the potential rate of movement of the !%®Ru plume.
The simulated 19%Ru plume approached, but did not enter, the water table by
the early 1980’s; after that time, the simulated !95Ru plume began to recede
because of radicactive decay. The simulated 137Cs plume is highly sorbed by
minerals in the sediments beneath the tank and migrates much less than 105Ru;
the simulated !37Cs plume becomes essentially stationary after about 50 days.
These results are preliminary and no calibration of the 1°5Ru plume to the
higher infiltration rates was attempted. The annually varying recharge rate
causes the problem to be computationally intensive because of the small
time steps needed to accommodate the annual change in mass flux.

Future simulations of the Teak ai Tank 241-T-106 or similar tank Teaks
at the Hanford Site should include a more detailed study of the dynamics of
the moisture conditions that develop in the surrounding soil column after
the burial of a solid object such as a single-shell tank. Further simulations
are warranted to investigate the implications of the higher infiltration
rates suggested by the UNSAT-H Version 2.0 simulations. The preliminary
simulations of Tank 241-T-106 using PORFLO-3 Version 1.0, as described in
this report, indicate that the higher infiltration rates imply increased
mobility of the contaminant plume; conversely, the PORFLO-3 simulations
(Smoot and Sagar 1990) also indicate that remedial action in the form of an
1nf11%ration barrier could be an effective means to inhibit the movement of
the plume.

No unsaturated zone data are presently available to define plumes for
hazardous wastes that may also have contributed to the Tank 241-T-106 leak.
Conservative species such as chloride are known to have been present in the
tank. The migration of such species may be significantly more extensive
than either 198Ry or 137Cs because of the absence of retardation and
radioactive decay. The extent of migration of conservative species such as
chloride should be investigated further.
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In general, infiltration control may be a viable means of reducing the
impact of years of defense waste accumulation at the Hanford Site. The
simuiation results are promising, but are based to a large extent on nonsite-
specific flow and transport properties. More site-specific investigation is
needed to characterize the hydrogeologic and chemical properties of sediments
in the vicinity of the Tank 241-T-106.
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September 1, 1987
To: RWNelson

e~
From: MJFayer

Subject: Grout Site Hydraulic Properties

Bill, attached is a report which documents representative hydraulic proper-
ties for the major soil materials beneath the grout site, the backfill
material around the vaults, the clay cap, the gravel cocoon, the concrete,
and the grout. These properties were assembled to allow the model testing to
proceed; they are not intended for use in the final performance assessment
unless laboratory testing indicates that they are acceptable.

In conversations with MChamness, Westinghouse is workfn% on a draft of a
Grout Site Characterization Report. I helieve PNL should look into
officially obtaining a copy. ’

I have Tearned that undisturbed core samples from a well within the Grout

Site have been arriving in the PNL lab. Please consider my comments in the
attached appendix when you proceed with lab measurements.
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WHC-EP-0332

Hydraulic Property Characterization
of the Grout Site

by MJFayer and SDudziak

The purpose of this report is to provide soil hydraulic properties for
the major sofl layers located beneath the grout site, the backfill to be used
around the vaults, the clay cap, the gravej cocoon, the concrete walls of the
vaults, and the grout itself. These properties will be used in the tests
designed to provide data for making a decision as to which computer code is
most appropriate to use for Grout Performance Assessment. Westinghouse is
currently working on a draft version of a grout site characterization report,
but we do not expect it to be availabie for several months, perhaps by
November 1987.

The two sources of data that were used for soils characterization
beneath the grout site are listed below.

1. AP Tank Farm: Andy Reisenauer took samples from distinct soil layers that
were exposed when the AP tank farm site was excavated. The maximum sample
depth was only 50'. Characterization included particle size, water
retention, and saturated conductivity. The latter two properties were
determined on sampies from which all grave] was removed.

2. Wells £25-25,26,27: The E-Well samples are cores obtained in 5' incre-
ments down to the water table., No attempt was made to separate samples based
on material from each distinct layer that was encountered, Each sample is a
mixture of whatever was gbtained from a 5'-lang core, Maximum sampiing depth
was >250'. Characterization included particle size, water retention, and
saturated conductivity for selected samples., The latter two properties were
determined on samples from which all gravel was removed.

Suzanne Dudziak used the E-well logs to draw up a generalized discre-
tizatjon of the soil layers beneath the grout site. Note that the layering
scheme she generated differs from that shown in Sewart et al. (1987). Sewart
et al, estimated the soil layering beneath the grout site by interpolating
soil profile data from beneath the 216-A-8 and 216-A-37 cribs, which are
located near the grout site. In all Tikelihood, as more direct data from the
grout site becomes avaflable, our description of the layering sequence will
probabiy change. The attached Appendix contains a discussion of the current
data set. We are proceeding with the layering sequence cutlined here because
this information is sufficient for model testing; it is likely to be
fnsufficient for the actual ?rout site performance assessment,

Because the E-well samples are mixtures of layers, their measured soi)
hydraulic properties are less useful than the properties measured for the AP.
samples (see the Appendix). Together, Suzanne and [ have assigned AP soil
types to the generalized soil layers as shown in Table 1.
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Table 1. Generalized Soil Layering Beneath the Grout Site

Depth Soil E-well General Soil AP Sample Gravel
Interval Type No. Layer Description Number Content
(ft) (%)
0-10 1 VF-C Sand AP-2 0
10-40 2 S1.Grav. M-VC Sand  AP-4g 10
0-60 3 M-C Sand -3 o0
60-80 2 S1.Grav. M-VC Sand AP-4q 10
80-140 1 VF-C Sand AP-2 0
140-170 3 M-C Sand Ap-3 0
170-265 4 Sandy Gravel AP-1g 38

The available water retention data were used to generate parameters for
the van Genuchten functions for representing soil hydraulic properties. The
generated parameters for samples AP-1 through AP-4 are listed in Table 2.
All of the lab data were used. Samples AP-1 and AP-4 had their gravei
content removed before the Tab tests. To correct the soil hydraulic
properties for gravel, we used the technique of Bouwer and Rice (1983). The
modified parameters are listed in Table 2 under samples AP-1g and AP-4g.
Note that sample AP-4g is Tisted as containing 10% gravel. The AP-4 sample
actually had 32% gravel, which was sieved out before analysis. According to
the E-well Togs, the layer we are trying to represent is a slightly-graveily
sand. Therefore, we chose to reduce the gravel content from 32 to 10%.

The material selected to surround the grout vaults can be determined by
the site operator. The current understanding for material surrounding the
vaults is that coarser-textured material is preferable to finer-textured
material. Because 50% of the to-be-excavated material is coarse-textured, we
assume that the backfill can be this material (AP-4g from Table 1). Note
that less material will be needed to backfill the excavation and therefore
the fine-textured soil layers can be screened out before backfilling.

At the moment, the grout vault design specifies that there will be a
sloped 1'-thick layer of clay above each vault. Because no specific clay has
been identified for the grout site, we have chosen to approximate the clay
with a material that can be found near, if not within, the grout site. This
material, sample AP-5, is texturally classified as a silt Toam soil but
should be sufficient for the modeling tests. The parameters for soil AP-5
are listed in Table 2,

Immediately surrounding the vaults may be a 3'-thick blanket of gravel.
A specific gravel size has not been identified as yet. Therefore, we used
the estimated gravel hydraulic properties from Fayer et al. (1985). The van
Genuchten functions were fit to the gravel data; the fitted parameters are
listed in Table 2.
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Table 2. Soil Hydraulic Property Parameters for the van Genuchten Functions

(m=1-1/n)

Material 8s fr a n Ks Gravel
Descriptor Content

(=) (). (i/cm) (=)} (cm/hr) _ (%)
AP-1 0.417 0.0322 0.1008 2.9224 9.18 0
AP-1g 0.2586 0.0200 0.1008 2.9224 4.46 38
Ap-2 0.521  0.0958 0.0309 3.1071 2.15 0
AP-3 0.436  0.0552 0.0494 3.2863 2.92 0
AP-4 0.454  0.0419 0.0666 2.6751 8.10 0
AP-4g 0.4086 0.0377 0.0666 2.6751 6.73 10
AP-5 0.428° 0.0133 0.0118 1.3945 0.178 0
Gravel 0.419  0.0308 4.6947 2.5721 1261.0 100

%82c23§§ 0.237 0.0000 5.250E-6 1.4365 1.79E-6 O
Grout 0.383 0.0665 1.487E-6 1.6592 3.42E-6 0
(82-030b)

Data for the concrete and grout formulation to be used at Hanford are
not availabie. There are concrete and grout data available, however, from
work done by Paula Heller for Sandia. We have taken data for a specific
sampie of each material and fit the hydraulic property functions; the fitted
parameters are listed in Table 2.

Plots of all the follewing materials listed in Table 2 are attached
after the Appendix: AP-1, AP-2, AP-3, AP-4, AP-5, gravel, concrete, and
grout. Some of the plots are partiaily outside the axes scales but no
attempt was made to correct this problem (it would involve modifying code).

The glots are provided for comparative purposes (note that all axes are the
same) .
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APPENDIX

Review of Soil Hydraulic Property Characterization
of the Grout Site

by MJFayer

In my attempt to characterize the soil Tayering beneath the grout site,
I have worked with two sets of the data - the AP Tank Farm samples and the
samples from the E25-25,26,27 wells. Besides sampling location and depth,
the only major difference between the two sets is that the AP samples were
taken from discrete soil layers while the E-well samples were composites of
5'-long cores (there is a possibility that the samples are only subsamples of
the 5' cores). This brings up a fundamental question concerning site
characterization, which is, what level of characterization is adequate? For
example, can thin lenses of silt, perhaps 2-cm thick, be ignored when
medeling the site for performance assessment? 1Is it acceptable to mix the
si1t layer into the bulk material and treat it as a uniform mixture? Should
the silt layer be documented (depth below surface, thickness) and explicitly
modeled, knowing full well that to model the site with the lens will require
quite detailed node spacing in the vicinity of the lens? Keep in mind that
the E-well logs describe numerous lenses of various materials, ranging in
texture from silt to ?ravei. For the most part, these lenses appear to have
a limited extent and it is 1ikely that some of the lensas, together with some
of the major material layers, may be sloped, thus increasing the importance
of the 3-dimensional aspect to the flow problem.

After pulling out all of our hair, what do we do next? One possibility
is to proceed in stages of progressively more-complex characterization. By
that, I mean that we begin with a base modelin? case in which only the major
soil layers are represented (the base case couid even be a homogeneous
profile). The fiow and transport solution to this problem serves as our
reference. We then refine the soil layering characterization to include some
of the thinner layers ignored previously. We solve the problem and compare
the new solution with the old. Refine the Tayering some more, resolve the
problem, and obtain a third solution. What is happening to our solution
compared to each preceding solution? Beyond what ievel of detail does the
solution change immeasurably? This technique is the old "refine the grid
until the solution doesn't change" trick, except that here it means refine
the soil Tayering description and grid.

So how does this all fit in with soil hydraulic property character-
ization? To use the "refine the layering" technique, one needs data on a
scale equal to or smaller than the finest model layering sequence. The data
from the E-Wells provides only a coarse approximation of the layering
sequences, This is understandable because the wells were not drilled for the
purpose we have outlined. To obtain the level of detail necessary will
require that cores from a future well be sampled according to soil type and
not depth. Locations-and thicknesses of all recognizable layers shouid be
noted and samples taken.
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Concerning the E-well data, there are several obéervations that 1 would
1ike to make. :

1. There were no in-situ bulk density measurements. These data are
important for packing of samples for water retention and conductivity
experiments,

2. There were no particie density measurements. This parameter, together
with bulk density, can be used to calculate the porosity (i.e., saturated
water content).

3. For particle size analysis, it was a very good idea to sieve and report
the gravel fraction. This practice should continue.

4, For water retention, only a single sample from each material was run for
the hanging water column experiment. Dupiicates, such as used for the
prassure plate experiments, would be much better,

5. For the hanging water column experiments, there was no consistency in the
degree of saturation achieved when the samples were presumed to be saturated.
0f the 20 samples, only 4 had a degree of saturation (S) near 100%. The
remaining 16 sampies had S values that ranged from 60 to 140%. A similar
problem, although to a lesser extent, occurred with the AP samples. This
inability to achieve close to 100% saturation affacts both the measured water
retention and the saturated hydraulic conductivity. In the future, a
procedure should be ‘implemented to more effectively saturate the samples.

6. In the process of drilling, I would think that the larger gravels (large
cobbies and boulders) are less likely to end up in the sample. Core barrel]
sizes may range from 12" dia at the surface to 6" dia near the water table.
As the diameter of the core is decreased, the larger gravels may be either
pushed aside or, more Tikely, broken up by the driller in order to proceed
deeper. How this affects our characterization of such zones will have to be
explored. One possibility is that such layers, if they have large lateral
extent, may be accesible elsewhere. Thus, they could be definitively
characterized by sampling the exposed section rather than relying solely on
the drilled-sample for characterization.

7. To date, soil hydraulic property tests have been performed on the size
fraction <2 mm in dia. There is a technique (Bouwer and Rice 1983) to
correct the properties for the gravel content, but do we want to depend on
this technique without testing it? Bouwer and Rice performed their tests
with two gravel sizes, 1.5 and 15 cm in diameter. The E-wel] gravels are
certainly less uniform in size distribution and most of the particles are
less than 1.5 cm in diameter., My suggestion is to first run tandem tests for
selected samples, one set without the gravel, one set with the grave!l
component, to assure ourselves that we can use the relationship developed by
Bouwer and Rice or to develop a relationship specific to Hanford. Note that
running samples with the gravel will require a larger sample size. To be
comparable, the samples without the gravel should be the same size.
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8. The initial water contents reported by PNL are for the bulk samples. For
those regions in which significant layering occurred, it is unclear what use
a bulk water content value would serve. [f the water contents could be

referred to specific soil types, they wouid bhe more useful. Using the E-well
logs, I believe the more or less homogeneous zones could be identified. The

reported in situ water contents for these identified zones would have value
in the characterization effort.
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APPENDIX B
PHYSICAL ANALYSIS FOR GROUT STUDY
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Subject Physical Analysis for Grout Study

The following is a brief report of the characterization work done on 6 samples
in March 1984

Soil Materials and Sampling

Table 1 1ists the materials characterized in this study:

TABLE 1. Materials Characterized

Elevation
Log Number Feet Meter
241-AP-1 " 630 192
241-AP-2 638 194
241-AP-3 644 196
241-AP-4 655 200
241-AP-5 658 201
241-AP-6 665 203 )

These samples were taken at the various leveis listed in Table 1 by digging in
the east wall of the excavation for 241 AP Tank farms. These samples were all

analyzed for hydraulic conductivity, particle size and water retention.

Methods of Analysis

Particle Size

Particle size was determined on two separate bases. The particles larger than
2 mm were determined by dry sieve analysis using sieve sizes of 3 in., 2 in.,
1in., 3/4 in., 1/2 in., No. 4 and No. 10 mesh {Tyler numbers). For all sam-
ples, sand, silt and clay distribution was determined based on only the less
than 2-mm-sized particles from each large sample. The samples were analyzed
for a complete distribution curve, except for dispersion of the sample, by ASTM
procedure D 422. Sample dispersion was done using an ultrasonic homogenizer
for more complete dispersion of the particles. Table 2 presents the resuits of
the particle size analysis.
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TABLE 2. Particle Size Analysis

Hydrometer. Analysis
{based on 2 mm size)

Sample - ~% Sand % 311t *® Clay
241-AP-1 98 2 0
241-AP-2 91 6 3
241-AP-3 97 2 1
241-AP-4 98 2 0
241-AP-5 27 64 9
241-AP-6 66 27 7

Dry Sieve Analysis

Percentage Less Than

Sample 3 in. 2in. 1 in. 3/4 in., 1/2 in. 4.75 mm 2.0 om

241-AP-1 100 100 98.98 97.55 96.18 90.89 62.37
241-AP-2 100 100 100 100 100 100 99.99
241-AP-3 100 100 100 100 100 99.89 99.32
1 241-AP-4 100 100 94.06 90.96 87.31 80.26 67.92
241-AP-5 100 100 100 100 99.92 99.92 99.92
241-AP-6 100 100 100 100 97.49 99.23 98.62

Hydraulic Conductivity

Hydraulic conductivity of each of the samplies was determined using a falling
water head method of analysis (Klute 1965}. 1In this method, the sample is
ptaced in a container and enclosed with Tids having an inflow valve at one end
and an outflow value at the other end. The inflow valve is connected to a
standpipe of a known cross-sectional area and height. The sample is saturated
before any test runs are done. An initial head in the standpipe is recorded
and water. is ailowed to flow from the standpipe through the sample for a given

lTength of time. The ending head level in the standpipe is recorded. The hydrau-

lic conductivity is determined using the following equation

K = (a/L/At)1In(H1/H2)

where a = cross-sectional area of the standpipe
L = length of the sample
A = cross-sectional area of the sample
t = time for the hydraulic head difference to decrease from HiI to H2.
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The hydraulic conductivity values were determined on an average of five falling
head runs over a period of several minutes or several hours, depending on the
flow rate, ‘and at room temperature (22 + 2 C). Table 3 lists the hydraulic

conductivities.
TABLE 3. Hydraulic Conductivity
Hydraulic
Sample Conductivity
cm/sec
241-AP-1 2.55 E-03
241-AP-2 5.97 E-04
241-AP-3 8.10 £-04
241-AP-4 2.25 E-03
241-AP-5 4,94 E-05 -
241-AP-6 8.61 E-05
f
< Water Retention
iy Water retention characteristics were measured using three different techniques
depending on the applied pressure. For pressures in the very wet range, O cm
- to 100 cm, hanging water columns were used. For the 100 c¢cm to 500 cm pressure
range Tempe cells (Soil Moisture Equipment Corporation, Santa Barbara, Cali-

fornia) were used and for the drier range, 100 cm to 15,300 cm pressure, pres-
o™ sure plate extractors (Soil Moisture Equipment Corporation, Santa Barbara,
California) were used.

For the hanging water columns the sample was packed to a predetermined density

in a buchner funnel which was connected to an outflow tube. A graduated cylin-

der was used for measuring the outflow. The samples were allowed to remain

saturated 48 hours before the excess water was drained at QO cm pressure. The

— pressure head was increased slowly until it reached 100 cm, see Table 4. After
reaching equilibrium at 100 cm pressure, the sampies were weighed and oven

o dried to determine moisture content.

Tempe cells were used to determine the water retention characteristics at 100 cm
and 500 cm pressure head. The samples were packed into celis 3 cm x 5.4 cm
(height x diameter) and placed over a porous ceramic plate. Each cell was
individually sealed with end cups. Pressure was applied across the top of the
cell, first at 100 cm pressure, then 500 cm pressure. At the end of the run

the sampies were weighed and oven dried to determine moisture content.

Water retention characteristics were measured at 100 cm, 1000 cm, and 15,300 cm
pressure using a pressure plate extractor. Equilibrium water contents were
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obtained by packing the samples in containing rings on a porous ceramic plate
where they were saturated and pressure drained in the extractor. Water con-
tents were determined in the same manner as the other methods.

Each sample in each of the three methods was packed to the same density to
allow comparison of the volumetric water content. The 100 cm values for each
method was averaged to determine that point (100 cm) on the drainage curve.

PRH:pd
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TABLE 4. Water Retention Characteristics as Measured by Various Methods
, Pressure Plate
(Volumetric Ho0 Content) vol/vol Tempe Cells
Sample 100 cm 1,,000 cm 15,300 cm 100 cm 500 cm
241-AP-1 0.03 0.03 0.02 0.05 0.04
241-AP-2 0.12 0.11 G.07 0.14 0.11
241-AP-3 0.06 0.06 0.05 0.07 0.07
241-AP-4 0.05 0.04 0.04 6.07 0.03
241-AP-5 0.31 0.16 0.07 u.28 0.23
241-AP-6 0.24 0.12 0.08 0.34 0.21
Hanging Hs0 Columns
Sample Sat 2cm 4 cm S5cm 6cm 8cm 10cm 15cm 20 cm 50 cm 70 cm 100 cm
241-AP-1 0.417 0.414 0.405 0.373 0.326 0.268 0.122 0.058 0.046
241-AP-2 0.521 0.520 0.517 0.516 0.514 0.505 0.477 0.231 0.157
241-AP-3 0.436 0.435 0.432 0.428 0.425 0.418 0.292 0.099 0.077
241-AP-4 0.454 0.453 0.449 0.445 0.428 0.405 0.206 0.127 0.079
241-AP-5 0.428 0.425 0.422 0.419 0.416 0.403 0.347 0.388
241-AP-6 0.417 0.414 0.410 0.409 0.406 0.388 0.375 0.374
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Attached are the results of water retention tests conducted on the sediment
samples from well £25-234 located within the Grout Site. The data indicate
that a large degree of variability exists in the hydraulic properties of the
sediments beneath the Grout Site and the variability is evident at the
smallest scale of measurement.

Given that a large de?ree of variability exists at the Grout Site and that
time and funding are limited, the best approach for hydraulic property
characterization may be two-fold. First, utilize the information available
from the large number of wells drilled in the area. The sediments from many
of these wells were sampled for particle size distribution. These data can
be used to predict water retention properties using methods such as that of
Arya and Paris (1981). Although the predictions will be more uncertain than
actual measurements, we expect that the larger number of sampies will reduce
the uncertainty in areal variations. Second, the data from a few well-placed
wells from which undisturbed sampTles are removed for detajled analyses can
serve as a check on the other wells.

Based on questions which arose during the laboratory analyses, we recommend
that a consensus be reached by the end users of these data as to the level of
detail that they require. In addition, we recommend that the field sampling
and laboratory procedures be revised for any future testing to allow for the
test results to be more closely correlated. This revision will depend partly
on the nature of the consensus reached.

APP C-1



WHC-EP-0332

GROUT SITE SEDIMENT SAMPLE ANALYSES
by M. J. Fayer, M. L. Rockhold, and P. R. Heller

This report outlines the general procedures and results of water
retention analyses performed on undisturbed sediment samples from Grout Wel]
No. 299-E25-234, Coordinates N 40547.2, W 45618.5. The report also includes
hydraulic conductivity predictions for the sediments based on the van
Genuchten {1978) and Mualem (1976) models. For details on well location,
sampling procedure, and previous testing, consult the memo from M. Fayer to
D. Lamar dated 1 March 1988.

SAMPLING PROCEDURE

Two types of samples were required for water retention testing. The
first type was an undisturbed core for hanging water column experiments. The
second type was disturbed sampie material for pressure-plate and vapor
equilibrium tests. The procedures for all tests can be found in Klute (1986)
and the CX-1 Operator's Manual (1987).

The undisturbed cores were obtained by coring the upper surface of the
saturated conductivity core with a bulk density sampler. This sampler
allowed for the removal of two cores, one vertically below the other,
separated by 1 cm of soil. The volume of these smail cores was 67.8 cm3
which represents about 2.6% of the volume of the conductivity core. The
conductivity cores from two depths (126' and 133'10") contained too much
gravel to allow subsampling. Therefore, these cores were broken apart,
mixed, and repacked in small cylinders with a volume of 150.5 cm3. Each
small core was then used in a hanging water column experiment. After the
test, the water content and bulk density of each core were determined. This
;gs? covered the matric potential range from 5 to 150 cm (0.0005 to 0.015

aj).

The disturbed samples for the pressure-plate tests came from material
Tocated near the conductivity core when the conductivity core was cut from
the original sample. The pressure-plate samples were packed in rings to a
butk density of 1.6 g/cm3 before testing. Two repetitions of this test were
conducted at matric potentials of 510, 1020, and 3060 cm (0.05, 0.1, and 0.3
MPa). The values reported in Table 1 are averages of three replicates (there
was 1ittle variation among replicates).

The disturbed samples for the vapor equilibrium tests came from the
upper end of the conductivity core after the test was completed. Because
vapor adsorption is relatively independent of bulk density, no attempt was
made to pack these samples to a specific density. The gravimetric water
contents from this test were converted to volumetric values using the average
bulk density from the hanging water column cores. The vapor adsorption test
covers the matric potential range above 1.5 MPa.

CURVE FITTING PROCEDURE

Water retentijon data are usually fitted with a continuous function
because 1) functions are more efficient to use in model simulations than are
tabular values and 2) functions can be easily used to predict unsaturated
hydraulic conductivity. For the samples reported here, the van Genuchten
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retention function (van Genuchten 1978} was fit the the retention data. The
function is

@ = dr + (6s~6y) [1+(ah)n}-m

where 8 is water content, fs is saturated water content, 8y is residual water
content, and a, n, and m are curve fitting parameters, with the restriction
that m=1-1/n. When fitting the retention function for each depth, 65, a, and
n were fitted while Oy was fixed at the lowest measured value. For describing
unsaturated conductivity, the van Genuchten retention function yields

{1-(ah)"-1[1+(ah)n]-m}2
[L+(ah)n]m/2

using the Mualem conductivity model (Mualem 1976).

DISCUSSION

The results of all three experiments are reported in Table 1. The van
Genuchten function was fit to all of the retention data listed in Table 1 for
each depth and the resulting curve-fitting parameters are listed in Table 2.
Both the measured retention data and the van Genuchten functions are displayed
for all depths in Figures 1-14, The results indicate that the data were ‘
collected at a sufficient number of matric potential values to cover the range
of water content. Of the three tests, the hanging water column test took the
longest amount of time (about 2 months} to complete. This time could be reduced
by gec;egsing the number of matric potential values at which the test is
conducted.

Judging from the figures, nine of the depths exhibited well-behaved
retention properties, where well-behaved means that the two hanging water
column tests gave similar results and the data from all three tests (hanging
water column, pressure plate, and vapor adsorption) were consistent. In
contrast, four depths (19'4", 25'9", 69'8", and 117'6"; exhibited a large
degree of variability. For one of those depths (25'9"), a second set of hanging
water column tests was conducted to see if the first set was an anomaly. The
results, included in Table 1, indicate that a significant variation in
properties exists within sample 25'9" over a distance of 4 cm. Although the
data for all four tests are used in Figure 3 to represent sample 25'9%, the
hanging water column samples could be divided into two separate and distinct
sediment types (a-b' and a'-b). To illustate this point, we had Samples a'
and b* analyzed for particle size using the wet seiving technique and the
results are listed in Table 3. Both samples contain at least 90% sand and
would thus be classified as sands. Using classification alone would lead to
the conclusion that these samples were identical. However, the samples are
different in their distribution of sand sizes. By weight, 52% of Sample a'
-passed through the 250s-diameter sieve versus only 18% of Sample b'. Sample
a' also has 10% silt and clay versus only 3% for Sample b'. These differences
in particle size distribution are sufficient to yield different retention
properties for the two samples.
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The water retention curves for all depths are plotted in Figure 15. A
discernible grouping of depths is not apparent and the range of variation is
large. At_a matric potential of -100 cm, the water content varies from 0.07
to 0.32 ecm3/cm3. Of the curve-fitting parameters in Table 2, 8, and n show
some consistency among depths while 85, a, and Kig vary considerably with no
apparent correlation.

The predicted conductivity functions for every depth are displayed in
Figure 16 and there are obvious differences. In general, the values of
conductivity range over 3 orders-of-magnitude (OM) near the wet end and more
than 10 OM near the dry end. Keep in mind that the conductivity functions
were generated using a single matching point, the saturated conductivity.
Partly for that reason, as the dry end is approached, the predicted conductivity
values have greater uncertainty.

A discrepancy was observed between conductivity-core and hanging-water-
column-core bulk densities. Table 4 contains both values for all depths.
Note that the méan bulk density value of the conductivity core is 0.15 g/cm3,
or 10%, greater than the hanging water column cores. The difference is either
the result of the subsampling technique or the indirect method used to calculate
the bulk density of the conductivity core. In the future, the indirect method
c:n be replaced by direct measurement, thus eliminating this possible source
of error.

The original undisturbed cores were subsampled to provide material to
conduct the tests reported here. As noted in the previous memo, "The Tined
cores did not allow for visual examination. Thus, lenses and stratifications
noted in the drillers log could not be observed in the samples, even though
those features may have been there. One of the consequences of this lack of
observation is that the tests conducted on subsamples of the core are being
used to represent the entire core." Based on the laboratory results,
heterogeneity on the scale of the conductivity cores evidently exists. This
observation leads to the general question of what is the correct scale of
measurement., The pressure-plate and particle and buik density tests were
conducted on independent subsamples of the original core. The hanging water
column and vapor adsorption tests were conducted with material from within
the conduetivity cores, but the volume of material used represented only 5%
or less of the conductivity core volume.

One potential solution is to choose some measurement scale, such as the
conductivity core, as the minimum scale of characterization. Take the core,
determine its conductivity, water content, and bulk density, then homogenize
the material in the core. Using the resulting mix, repack the core to the
original density, determine its conductivity and water content, then sample
the mixture for the remaining tests. A second potential solution is to use
plastic liners during the drilling operation. Layering and stratifications
in the sample could be observed and recorded. Each distinct layer could then
be treated.as described in the previous solution.

Given that a large degree of variability exists at the Grout Site and
that time and funding are limited, the best approach for hydraulic property
characterization may be two-fold. First, utilize the information available
from the large number of wells drilled in the area. The sediments from many
of these wells were sampled for particle size distribution. These data can
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be used to predict water retention properties using methods such as that of
Arya and Paris (1981). Although the predictions will be more uncertain than
actual measurements, we expect that the larger number of samples will reduce
the uncertainty in areal variations. Second, the data from a few well-placed
wells from which undisturbed samples are removed for detailed analyses can
serve as a check on the other wells.
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Table 1. Water Retention Data. Water contents reported at 0.1 cm are the
saturated values calculated from the respective bulk and particle
densities, between 5 and 150 cm from hanging water columns, 510 to
3060 from pressure plates, and above 3060 cm from vapor adsorption.

Matric Water Matric Water
Potentijal Content Potential Content
(-cm) (cm3/cm3) (-cm) {cm3/cm3)
Sampie 5'6" Sample 19'6"
(a) (b) (a) {b)
0.1 0.427 0.380 0.1 0.478 0.510
5 0.345 0.330 5 0.399 0.329
10 0.319 0.313 10 0.372 0.302
15 0.305 0.306 15 0.348 0.278
20 0.290 0.296 - 20 0.331 0.260
30 0.264 0.284 30 0.266 0.196
40 0.246 0.279 40 0.215 0.144
50 0.238 0.270 50 0.207 0.136
70 0.215 0.254 70 0.187 0.116
100 0.201 0.227 100 0.173 0.102
150 0.191 0.212 150 0.168 0.097
510 0.096 . 510 0.232.
1020 0.080 1020 0.201
3060 0.064 3060 0.138
14.9 MPa  0.061 8.3 MPa 0.070
234.3 MPa 0.025 231.6 MPa  0.022
Sample 25'9" Sample 29'
(a) {b) (a') (b*) (a) (b}
0.1 0.498 0.519 0.509 0.520 0.1 0.436 0.445
5 0.380 0.551 0.499 0.404 5 0.366 0.406
10 0.372 0.539 0.481 0.397 10 0.333 0.379
15 0.370 0.535 0.472 0.387 15 0.327 0.359
20 0.358 0.519 0.463 0.376 20  0.309 0.348
36 0.306 0.427 0.445 0.253 30 0.288 0.335
40 0.209 0.392 0.417 (.209 40 0.270 0.307
50 0.176 0.361 0.38¢ 0.193 50 0.254 0.296
70 0.146 0.321 0.347 0.179 70 0.238 0.271
100 0.129 0.307 0.343 0.158 100 0.231 0.263
150 0.116 0.256 0.343 0.157 150 0.221 0.256
510 0.2056 510 0.176
1020 0.163 1020 0.156
3060 0.116 3060 0.110
7.8 MPa  0.081 3.1 MPa 0.056

225.2 Mpa  0.028 226.7 MPa  0.023
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Table 1. (contd)

Matric Water Matric Water Matric Water
Potential Content Potential Content Potential Content
(-cm) {cm3/cm3) (-cm) (cm3/cm3) {-cm) (cm3/cm3)
Sample 37'3" Sample 46'4" Sample 54'g9"
(a) (b) (a) {b) (a) tb)
0.1 0.518 0.513 0.1 0.465 0.400 0.1 0.452 0.470
5 0.466 0.500 5 0.316 0.325 5 0.363 0.352
10 0.457 0.483 10 0.296 0.312 10 0.351 0.336
15 0.457 0.477 15 0.279 0.308 15 0.338 0.327
20 0.442 0.451 20 0.251 0.294 20 0.316 0.314
30 0.3%3 0.321 30 0.202 0.249 30 0.233 0.248
40 (0.363 0.349 40 0.180 0.226 46 0.199 0.208
50 0.335 0.349 50 0.172 0.214 50 0.164 0.198
70  0.335 0.298 70 0.162 0.203 70 0.160 0.183
100 0.321 0.298 100 0.150 0.185 100 0.159 0.124
150 0.285  0.286 150 0.102 0.165 150 0.136 0.110
510 0.204 51¢ 0.050 510 0.139
1020 0.188 1020 0.045 1020 0.104
3060 0.174 3060 0.030 3060 0.063
15.1 MPa  0.125 £.8 MPa  0.023 5.0 MPa  0.031
227.0 MPa  0.069 241.4 MPa 0.008 243.7 MPa  0.009
Sample §9'8" Sample 83'11" Sample 99'9"
(a) (b) (a) (b} (a) {b)
0.1 0.374 ¢.404 0.1 0.397 Q.384 0.1 0.366 0.379
5 0.293 0.293 5 0.279 0.309 5 0.255 0.274
10 0.251 0.265 10 0.27} 0.285 10 0.230 0.262
15 0.2268 0.178 15 0.292 0.271 15 0.202 0.226
20 0,210 0.146 20 0.217 0.255 20 0.175 0.188
0 0.199 0.122 30 0.19% 0.223 30 0.157 0.159
40 0.190 0.109 40 0.178 0.201 40 0.147 D0.148
50 .0.185 0.101 50 0.165 0.184 50 0.141 0.140
76 0.176 0.093 70 0.149 0.162 70 0.132 0.128
100 0.169 0.085 100 0.142 0.144 100 0.126 0.123
150 0.159 0.078 150 0.128 0.124 150 ¢.118 G.114
510 0.063 510 0.067 510 0.091
1020 0.056 1020 0.053 1020 0.068
3060 0.042 3060 0.032 3060 0.051
23.4 Mpa  0.022 9.3 MPa  0.021 6.6 MPa 0.021
229.2 MPa 0.010 238.2 MPa  (.007 239.0 MPa 0.007
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Table 1. (contd)

Matric Hater Matric Water
Potential Content Potential Content
(-cm) {cm3/cm3) {-cm) (cm3/cm3)
Sample 110'7" Sample 117'6"
!a? {b) la; (b}

0.1 0.430 0.420 0.1 0.456 0.413

5 0.316 0.310 5 0.385 0.373

10 0.263 0.269 10 0.354 0.364

15 0.184 0.166 15 0.321 0.354

20 0.141 0.136 20 0.266 0.339

30 0.113 0.116 30 0.185 0.321

40 0.097 0.102 40 0.152 0.299

50 0.088 0.096 50 0.143 0.284

70 0.084 0.081 70 0.137 0.254

-100 0.076 0.079 100 0.129 0.243

150 0.074 0.072 150 0.105 0.236
510 0.076 510 0.078
1020 Q.055 1020 0.058
3060 0.042 3060 0.042
5.8 MPa 0.026 25.5 MPa  0.014
219.7 MPa  (.007 214.0 MPa  0.007

Sample 126 Sample 133'10"

a (&) {b)

0.1 0.354 0.369 0.1 0.280 0.282

5 0.226 0.257 5 0.244 0.252

10 0.166 0.188 10 0.254 0.252

15 0.137 0.150 15 0.257 0.249

20 0.118 0.132 20 0.257 0.242

30 0.114 0.118 3¢ 0.246 0.230

40 0.106 0.109 40 0.237 0.219

50 0.099 0.104 50 0.234 0.213

70 0.097 0.099 70 0.222 0.201

100 0.096 0.092 100 0.203 0.189

150 0.087 0.083 150 0.196 0.178
510 0.073 510 0.155
1020 0.064 1020 0.103
3060 0.042 3060 0.064
35.9 MPa  0.017 32.3 MPa  0.024
220.6 MPa 0.008 193.5 MPa 0.011
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Table 2. Parameters for the van Genuchten Model Fit to Retention Data from
Sediments from the Grout Well. Kjs is the conductivity reported in
the previous memo, where the subscript 1s indicates that the sample
was laboratory-saturated but not necessarily fully saturated.

Sample

m3?§3 m37;3 17cm " cg}g

5' . 0.38063 0.025 0.08632 1.31349 5.73 x 10-4
19'6"  0.49920 0.022 0.54781 1.28139 8.88 x 10-4
25'9" 0.51122 0.028 0.07607 1.38880 1.80 x 10-3
29 0.43473 0.023 0.15208 1.22993 2.4l x 10-5
373" 0.52244 0.060 0.09123 1.28327 5.77 x 10-4
46'4*  0.41833 0.008 0.17633 1.36246 2.99 x 10-4
54'9"  0.45302 0.009 0.15633 1.39501 1.38 x 10-5
69°'8" 0.30198 0.010 0.39456 1.34559 1.21 x 10-3
83'11* ©0.38273 0.007 0.20954 1.34125 1.78 x 10-4
99'9"  0.37234 0.007 0.48677 1.29968 2.24 x 10-4
110'7*  0.42861 0.007 0.25119 1.60079 2.82 x 10-4
117'6"  0.43028 0.007 0.10074 1.40147 3.64 x 10-3
126" 0.36614 0.008 0.85217 1,34293 1.98 x 10-3
133'10"  0.26327 0.011 0.01954 1.31828 2.76 x 10-3
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Table 3. Bulk Density Information

Sample Bulk Density (g/cm3)
Water Retention Cores Conductivity Cores
5'a" 1.62, 1.75 1.79
196" 1.45, 1.36 1.61
25'9" 1.36, 1.31, 1.34, 1.31 1.43
29" 1.53, 1.50 1.83
37'3" 1.27, 1.29 1.38
46'4" 1.44, 1.61 1.72
54'q" 1.47, 1.42 1.66
w -
6g9'g" 1.70, 1.62 1.82
oo
s 83'11"  1.65, 1.68 1.80
— g9g9'g" 1.71, 1.89 1.84
o 1107 1.55, 1.58 1.89
o 117'6" 1.47, 1.59 1.44
= 126" 1.80, 1.76 1.82
- 133'10"  1.97, 1.96 2.03
. Mean Yaiued = 1,53 1.68
o {a) Water retention cores for the depths 126' and 133'10" were packed in the

laboratory and were therefore not included in the calculation of the mean
bulk density.
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Particle Size Analysis of Sample 25'9" by Wet Sieving.
Less Than 50p is Classified as Silt and Clay.

Table 4.
Sieve Sieve
Number Opening
(u)
10 2000
18 1000
35 500
60 250
140 106
200 75
270 53

Material Passing Sieve
(%)

WHC-EP-0332

Sample a Sample b

100
100
92
52
21
14
10

100
100
a8
18
4

4
3
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